We propose quartic inflation with non-minimal gravitational coupling in the context of the classically conformal U(1) X extension of the Standard Model (SM). In this model, the U(1) X gauge symmetry is radiatively broken through the Coleman-Weinberg mechanism, by which the U(1) X gauge boson (Z ′ boson) and the right-handed Majorana neutrinos acquire their masses. We consider their masses in the range of O(10 GeV)−O(10 TeV), which are accessible to high energy collider experiments. The radiative U(1) X gauge symmetry breaking also generates a negative mass squared for the SM Higgs doublet, and the electroweak symmetry breaking occurs subsequently. We identify the U(1) X Higgs field with inflaton and calculate the inflationary predictions. Due to the Coleman-Weinberg mechanism, the inflaton quartic coupling during inflation, which determines the inflationary predictions, is correlated to the U(1) X gauge coupling. With this correlation, we investigate complementarities between the inflationary predictions and the current constraint from the Z ′ boson resonance search at the LHC Run-2 as well as the prospect of the search for the Z ′ boson and the right-handed neutrinos at the future collider experiments.
I. INTRODUCTION
Cosmological inflation [1] provides not only solutions to problems in the Standard Big Bang Cosmology, such as the flatness and horizon problems, but also the primordial density fluctuations which are necessary for the formation of the large scale structure observed in the present universe. In a simple inflationary scenario known as the slow-roll inflation, inflation is driven by a single scalar field (inflaton) while inflaton is slowly rolling down its potential to the minimum. During the slow-roll, the inflaton potential energy dominates the energy density of the universe, and the universe undergoes an accelerated expansion era, namely, cosmological inflation. The inflation ends when the kinetic energy of inflaton starts dominating over its potential energy, and the inflaton eventually decays into particles in the Standard Model (SM). The universe is reheated by relativistic particles created from the inflaton decay and continues to the Standard Big Bang Cosmology.
The Planck 2015 results [2] have set an upper bound on the tensor-to-scalar ratio as r 0.1, while the best fit value for the spectral index (n s ) is 0.9655 ± 0.0062 at 68% CL. Hence, the chaotic inflation models with simple inflaton (φ) potentials such as V ∝ φ 4 and V ∝ φ 2 are disfavored because of their predictions for r being too large. Among many inflation models, quartic inflation with non-minimal gravitational coupling is a very simple model, which can satisfy the constraints from the Planck 2015 results for a non-minimal gravitational coupling ξ 0.001 [3] .
In the view point of particle physics, we may think that an inflation model is more compelling if the inflaton also plays an important role in the model. The Higgs inflation scenario [4] [5] [6] is a well-known example, in which the SM Higgs field is identified with the inflaton. Also, we may consider a unified scenario between inflaton and dark matter particle [7] . When the SM is extended with some extra or unified gauge groups, such extensions always include an extra Higgs field in addition to the SM Higgs field, which is necessary to spontaneously break the gauge symmetry down to the SM one. Similarly to the Higgs inflation scenario, we may identify the extra Higgs field with the inflaton.
In this paper, we consider an inflation scenario in the context of the minimal U(1) X extension of the SM (the minimal U(1) X model) with the conformal invariance at the classical level [8] , where three generations of right-handed neutrinos and a U(1) X Higgs field are introduced in addition to the SM particle content. The minimal U(1) X model is a generalization of the well-known minimal U(1) B−L model [9] , in which the U(1) X gauge group is realized as a linear combination of the B − L (baryon number minus lepton number) U(1) and the SM U(1) Y hyper-charge gauge groups [10] . The presence of the three right-handed neutrinos is crucial for cancellation of the gauge and mixed-gravitational anomalies, as well as for incorporating the neutrino masses and flavor mixings into the SM via the seesaw mechanism [11] .
Motivated by the argument in Ref. [12] that the classical conformal invariance could be a clue for solving the gauge hierarchy problem, we impose the classically conformal invariance on the minimal U(1) X model. Although the conformal invariance is broken at the quantum level, we follow the procedure by Coleman and Weinberg [13] and define our model as a massless theory. This model possesses interesting properties: The U(1) X gauge symmetry is radiatively broken via the Coleman-Weinberg mechanism [13] . Associated with this symmetry breaking, the U(1) X gauge boson (Z ′ boson) and the right-handed (Majorana) neutrinos acquire their masses. Through a mixing quartic coupling between the U(1) X Higgs and the SM Higgs doublet fields, the electroweak symmetry breaking is triggered once the U(1) X symmetry is radiatively broken.
In the classically conformal U(1) X model, we consider the quartic inflation with non-minimal gravitational coupling. Here, we identify the U(1) X Higgs field as the inflaton. Because of the symmetry breaking via the Coleman-Weinberg mechanism, the quartic (self-)coupling of the U(1) X Higgs field relates to the U(1) X gauge coupling, in other words, we have a relation between the inflaton mass and the Z ′ boson mass. Since the inflationary predictions are controlled by the inflaton quartic coupling in the quartic inflation with non-minimal gravitational coupling, we have a correlation between the inflationary predictions and Z ′ boson physics. This paper is organized as follows: In the next section, we review the basics of the quartic inflation with non-minimal gravitational coupling and the constraints on the inflationary predictions from the Planck 2015 results. In Sec. III, we present the classically conformal U(1) X extended SM, and discuss the interesting property of the model, such as the radiative U(1) X symmetry breaking and the subsequent electroweak symmetry breaking. Identifying the U(1) X Higgs field as an inflaton, we investigate the quartic inflation with non-minimal gravitational coupling in Sec. IV. Because of the radiative U(1) X symmetry breaking, the inflaton quartic coupling during inflation relates to the U(1) X gauge coupling at low energies through the renormalization group evolutions. In Sec. V, we discuss the current collider constraints on the Z ′ production cross section and the future prospects of the search for the Z ′ boson and the right-handed neutrinos. Here, we emphasize complementarities between the collider physics and the inflationary predictions. For completion of our inflation scenario, we discuss reheating after inflation in Sec. VI. The last section is devoted to conclusions.
II. NON-MINIMAL QUARTIC INFLATION
In this section, we introduce the quartic inflation with non-minimal gravitational coupling (non-minimal quartic inflation). We define the inflation scenario by the following action in the Jordan frame:
The number of e-folds is given by
where φ 0 is the inflaton value at horizon exit of the scale corresponding to k 0 , and φ e is the inflaton value at the end of inflation, which is defined by ǫ(φ e ) = 1. The value of N 0 depends logarithmically on the energy scale during inflation as well as on the reheating temperature, and we take its typical value to be N 0 = 50 − 60 in order to solve the horizon and flatness problems.
The slow-roll approximation is valid as long as the conditions ǫ ≪ 1, |η| ≪ 1 and ζ ≪ 1 hold. In this case, the inflationary predictions, the scalar spectral index n s , the tensor-to-scalar ratio r, and the running of the spectral index α = dns d ln k , are given by
Here, the inflationary predictions are evaluated at φ = φ 0 . Under the constraint of ∆ 2 R = 2.195× 10 −9 from the Planck measurements [2] , once N 0 is fixed, all the inflationary predictions as well as the quartic coupling λ are determined as a function of ξ. In Fig. 1 , we show the inflationary predictions (n s and r) for various values of ξ ≥ 0, along with the contours for the limits at the confidence levels of 68% (inner) and 95% (outer) obtained by the Planck measurements (Planck TT+lowP+BKP) [2] . The solid and the dashed diagonal lines correspond to the for N 0 = 60 (n s ≃ 0.962, r ≃ 0.00419 and α ≃ −7.48 × 10 −4 for N 0 = 50). In Fig. 1 , we find a lower bound on ξ ≥ 0.00385, which corresponds to r ≤ 0.0913 for N 0 = 60, from the limit at 95% confidence level. We have summarized in Table I the numerical values of the inflationary predictions for various ξ values and fixed N 0 = 60 and 50.
III. CLASSICALLY CONFORMAL U(1) X EXTENDED STANDARD MODEL
The model we will investigate is the minimal U(1) X extension of the SM with classically conformal invariance [8] , which is based on the gauge group SU(3) c ×SU(2) L ×U(1) Y ×U(1) X .
The particle content of the model is listed in Table II . In addition to the SM particle content, three generations of right-hand neutrinos (RHNs) N i R and a U(1) X Higgs field Φ are introduced. In the following, the real part of the scalar Φ is identified with the inflaton. The U(1) X gauge group is defined as a linear combination of the SM U(1) Y and the U(1) B−L gauge groups, and hence the U(1) X charges of fields are determined by two real parameters, x H and x Φ . Since the charge x Φ always appears as a product with the U(1) X gauge coupling, it is not an independent free parameter of the model, and hence we fix x Φ = 1 throughout this paper. We reproduce the minimal B − L model as the limit of x H → 0. The limit of x H → +∞ (−∞) indicates that the U(1) X is (anti-)aligned to the SM U(1) Y direction. The anomaly structure of the model is the same as the minimal B − L model [9] , and all the gauge and mixed-gravitational anomalies are cancelled in the presence of the three RHNs. The covariant derivative relevant to the U(1) Y × U(1) X gauge interaction is given by
where in addition to the U(1) Y gauge coupling (g 1 ) and the U(1) X gauge coupling (g X ), a new gauge couplingg is introduced from a kinetic mixing between the two U(1) gauge bosons. For simplicity, we setg = 0 at the U(1) X symmetry breaking scale. Although non-zerog is generated in its renormalization group evolution toward high energies, we find that its effect on our final results is negligible.
The particle content of the minimal U(1) X extended SM. In addition to the SM particle content (i = 1, 2, 3), the three right-handed neutrinos (N i R (i = 1, 2, 3)) and the U(1) X Higgs field (Φ) are introduced. The U(1) X charge of a field is determined by two real parameters, x H and x Φ , as Q X = Y x H + Q BL x Φ with its hyper-charge (Y ) and B − L charge (Q BL ). Without loss of generality, we fix x Φ = 1 throughout this paper.
The Yukawa sector of the SM is extended to have
where the first and the second terms are the neutrino Dirac Yukawa couplings and the Majorana Yukawa couplings, respectively. Without loss of generality, the Majorana Yukawa couplings are already diagonalized in our basis. Once the U(1) X Higgs field Φ develops non-zero vacuum expectation value (VEV), the U(1) X gauge symmetry is broken and the Majorana masses for the RHNs are generated. Then, the light neutrino masses are generated via the seesaw mechanism [11] after the electroweak symmetry breaking. In this paper, we consider the degenerate mass spectrum for the RHNs,
for simplicity. Since we impose the classically conformal invariance on the minimal U(1) X model, the renormalizable scalar potential at the tree level is given by
where all quartic couplings are chosen to be positive. Note that the mass terms for the SM Higgs doublet (H) and the U(1) X Higgs (Φ) are forbidden by the conformal invariance. In the following, we assume that λ mix is negligibly small (this will be justified later), and analyze the Higgs potential separately for Φ and H as a good approximation.
Let us first analyze the U(1) X Higgs sector. At the one-loop level, the Coleman-Weinbeg potential [13] is calculated to be
where φ/ √ 2 = ℜ[Φ] is a real scalar, and we have chosen the renormalization scale as the VEV of Φ ( φ = v φ ). The stationary condition dV /dφ| φ=v φ = 0 leads to a relation,
between the renormalized self-coupling defined as
and the coefficient of the one-loop corrections 2 ,
Here, we have used λ We next consider the SM Higgs sector. In our model, the electroweak symmetry breaking is achieved in a very simple way. Once the U(1) X symmetry is radiatively broken, the SM Higgs doublet mass is generated through the mixing quartic term in Eq. (13):
where we have replaced H by H = 1/ √ 2 (0 h) T in the unitary gauge. As a result, the electroweak symmetry is broken. Here, we emphasize a crucial difference from the SM, namely, the electroweak symmetry breaking is triggered by the radiative U(1) X gauge symmetry breaking [14] , not by a negative mass squared added by hand. The SM Higgs boson mass (m h ) is given by
where v h = 246 GeV is the SM Higgs VEV. Considering the Higgs boson mass of m h = 125 GeV [15] and the LEP constraint on v φ 10 TeV [16] [17] [18] [19] , we find λ mix 10 −4 and the smallness of λ mix is justified. 2 In a more precise formulation of the Coleman-Weinberg effective potential, β Φ includes a λ mix term which we have neglected because it is negligibly small compared to the dominant contribution from g 4 X . Also, we define our inflaton trajectory along the φ direction with H = 0. Hence, even for λ mix ≫ λ Φ , we can neglect the λ mix term in our inflationary analysis.
Associated with the U(1) X and the electroweak symmetry breakings, the U(1) X gauge boson (Z ′ boson) and the (degenerate) Majorana RHNs acquire their masses as
The U(1) X Higgs boson mass is given by
where
IV. NON-MINIMAL QUARTIC INFLATION WITH THE U(1) X HIGGS FIELD
Now we identify the U(1) X Higgs filed with the inflaton in the non-minimal quartic inflation. In the original Jordan frame action, we introduce the non-minimal gravitational coupling of
which leads to the non-minimal gravitational coupling in Eq. (1) for the inflaton/Higgs filed defined as φ = √ 2ℜ[Φ]. The scalar potential in Eq. (1) is replaced by the effective potential in Eq. (14) . Since the inflaton value φ ≫ v φ during inflation, we can neglect the effects of the VEV v φ for the non-minimal coupling as well as the inflaton potential. In our inflation analysis, we employ the renormalization group (RG) improved effective potential of the form [20] ,
where λ(φ) is the solution to the RG equation with identifying the renormalization scale as φ along the inflation trajectory.
As we have discussed in Sec. II, the inflationary predictions are determined by the parameter ξ of the non-minimal gravitational coupling. From the view point of the unitarity arguments [21] of the non-minimal quartic inflation scenario, we may take ξ 10 to make our analysis valid. This means from Table I We evaluate the inflaton quartic coupling at φ = φ 0 by extrapolating the gauge, the Majorana Yukawa, and the Higgs quartic couplings at v φ through their RG equations. Since all couplings are very small, the RG equations at the one-loop level are approximately given by
In the leading-log approximation, we have the solutions of the RG equations for α X and α Y as
, and β g and β Y are the beta functions in Eq. (24) evaluated with α X and α Y . Using these solutions, we obtain
where β λ = 96 α X − 3 α Y . Finally, we arrived at an approximate solution as
where λ Φ ≡ λ Φ (v φ ), and we have used Eq. (15) in the second line.
In the next section, we will discuss the collider physics for the Z ′ boson and the heavy Majorana neutrinos. For our discussion, it is convenient to adopt the Z ′ boson mass (m Z ′ ) and the degenerate heavy Majorana neutrino mass (m N ) as free parameters, instead of the U(1) X Higgs VEV v φ and Y M . In our analysis, we have 5 free parameters, namely, ξ, x H , g X , m Z ′ , and m N , after replacing v φ and Y M by using the relations, v φ = m Z ′ /(2 g X ) and
As has been discussed in Sec. II, once ξ is fixed, not only the inflationary predictions but also φ 0 , φ e and λ Φ (φ 0 ) are all determined. When ξ, m Z ′ and m N values are fixed, we obtain g X as a function of x H from Eq. (27) . In Fig. 2 , we show Let us first consider the LHC phenomenology on Z ′ boson. The ATLAS and CMS collaborations have been searching for a narrow resonance with dilepton final states at the LHC Run-2 [22, 23] . In their analysis, the so-called sequential SM Z ′ (Z ′ SSM ) has been considered as a reference, assuming the Z ′ SSM boson has the exactly the same properties as the SM Z boson, except for its mass. In the following, we interpret the current LHC constraints on the Z ′ SSM boson into the U(1) X Z ′ boson to identify an allowed parameter region. In our analysis, we employ the latest upper bound on the Z ′ SSM production cross section reported by the ATLAS collaboration [24] .
The cross section for the process pp → Z ′ + X → ℓ + ℓ − + X is given by
where M ℓℓ is the invariant mass of a final state dilepton, f q is the parton distribution function for a parton (quark) "q", and √ s = 13 TeV is the center-of-mass energy of the LHC Run-2. In our numerical analysis, we employ CTEQ6L [25] for the parton distribution functions with the factorization scale Q = m Z ′ . The cross section for the colliding partons is given bŷ
where the function F qℓ (x H ) are
for "q" being the up-type (u) and down-type (d) quarks, respectively. Since the RG running effect from m Z ′ to v φ is negligible, we use α X = g X 2 /(4π) for the U(1) X gauge coupling in our collider physics analysis. Neglecting the mass of all SM fermions, the total decay width of Z ′ boson is given by
with F (x H ) = 13 + 16x H + 10x 2 H . In interpreting the latest ATLAS results [24] on the Z ′ SSM boson into the U(1) X Z ′ boson case, we follow the strategy in Ref. [26] : we first calculate the cross section of the process pp → Z ′ SSM + X → ℓ + ℓ − + X, and then we scale our result by a k-factor so as to match with the theoretical prediction of the cross section presented in the ATLAS paper [24] . With the k-factor determined in this way, we calculate the cross section for the process pp → Z ′ + X → ℓ + ℓ − + X to identify an allowed region for the model parameters of g X , x H and m Z ′ .
In Fig. 2 , the dashed lines show the upper bounds on g X as a function of x H from the ATLAS results on the search for a narrow resonance with the combined dielectron and dimuon channels [24] . The upper and lower dashed lines correspond to x H < 0 and x H > 0, respectively. As we can see the cross section formula, the dashed lines approach with each other for a large |x H |. for m Z ′ = 4 TeV), corresponding to ξ = 10, 1, 0.0689, and 0.00333, respectively. Recall that the inflaton quartic coupling is extremely small for ξ 10 (see Table I ), and this indicates that the U(1) X gauge coupling is also very small (see Eq. (27)). Nevertheless, as has been pointed out in Ref. [27] , the Z ′ boson with mass of O(1 TeV) can still be tested at the LHC Run-2 when the U(1) X gauge symmetry is oriented to the SM U(1) Y hyper-charge direction, namely, |x H | ≫ 1.
As the Z ′ boson is heavier, the current LHC bounds become weaker, because of the energy dependence of the parton distribution functions. We can see this fact by comparing the dashed lines in the left and right panels of Fig. 2 . When we take m Z ′ = 5 TeV, which is the maximum Z ′ boson mass in the ATLAS analysis [24] , another interesting parameter region of our model opens up. In Ref. [8] , the same model presented in this paper has been investigated in the view point of the electroweak vacuum stability. As is well-known, the SM Higgs potential becomes unstable at high energies, since the running SM Higgs quartic coupling runs into the negative region at the renormalization scale of µ ≃ 10 10 GeV [28] . It has been shown in Ref. [8] that this electroweak vacuum instability problem can be solved in the context of the classically conformal U(1) X model with α X x 2 H 0.01. It is interesting to combine our inflation analysis with the results in Ref. [8] . 0.01 is necessary, while α X has an upper bound for a fixed x H from the requirement α X (M P ) < 1 that the running U(1) X gauge coupling is in the perturbative regime at µ = M P . The dashed line denotes the upper bound from the ATLAS results. The diagonal lines correspond to ξ = 10, 1, 0.0689, and 0.00333 from left to right, along which the non-minimal quartic inflation is realized. Since we have found that the leading-log approximation for the RG analysis is not sufficiently reliable for
0.01, we have numerically integrated the RG equations in this analysis. See Ref. [8] for details of our RG analysis. The upper bounds on α X x 2 H 0.018 shown on the diagonal lines are also from the requirement of α X (φ 0 ) < 1 for a given ξ. Since φ 0 > M P for ξ 10, the requirement of α X (φ 0 ) < 1 is more severe than that of α X (M P ) < 1. We find the allowed parameter region for ξ 0.0689 and x H 700, although it is very narrow. The right panel is the same as the left panel, but for x H < 0.
Even if the U(1) X gauge coupling is very small and |x H | 1, we can test our model when the Z ′ boson is light, say, m Z ′ 500 GeV. In Ref. [29] , the authors have considered the RHN production at the High-Luminosity LHC [30] and the SHiP [31] experiments in the contest of the minimal B − L model (the limit of x H = 0 in our U(1) X model), where a pair of RHNs is created through the decay of a Z ′ boson resonantly produced at the colliders. When the RHNs have the mass of O(100 GeV) or less, it is long-lived and its decay to the SM particles provides a clean signature with a displaced vertex. It has been found in Ref. [29] that for a fixed m N = m Z ′ /3, the High-Luminosity LHC and the SHiP experiments can explore the B − L gauge coupling up to g X 10 −4 for 10 GeV m Z ′ 500 GeV. In the B − L limit of x H = 0, we show in Fig. 4 the B − L gauge coupling (g X ) as a function of m Z ′ , along with the results presented in Ref. [29] . In Fig. 4 , we have added the current bound from the LHCb results [32] .
The horizontal lines correspond to our results for ξ = 10, 1, 0.0689, and 0.00333 from top to bottom, respectively, along which the non-minimal quartic inflation is realized. Our results very weakly depend on m Z ′ in the mass range shown in Fig. 4 , as can be understood from Eq. (27) .
VI. INFLATON MASS AND REHEATING AFTER INFLATION
To complete our inflation scenario, we finally discuss reheating after inflation through the inflaton decay into the SM particles. Since the inflaton is much lighter than the Z ′ boson and the RHNs in our scenario with ξ 10, it decays mainly into the SM fermions through the mixing with the SM Higgs boson.
From the Higgs potential in Eq. (13) with the radiative corrections in Eq. (14), we find the following mass matrix for the inflaton (φ) and the SM Higgs boson (h) at the potential The B − L gauge coupling (g X ) a function of m Z ′ , along with the results presented in Ref. [29] . We also show the current bound from the LHCb results [32] . The horizontal lines correspond to our results for ξ = 10, 1, 0.0689, and 0.00333 from top to bottom, respectively, along which the non-minimal quartic inflation is realized. According to the analysis in Ref. [29] , we have fixed m N = m Z ′ /3. The shaded regions are excluded by the indicated experiments. The projected reach of the proposed searches for a Z ′ boson production and its decay into a pair of RHNs are shown in thick (solid and dashed) curves. The thin (black) curves show the projected sensitivity of direct searches for the Z ′ boson production via its decay Z ′ → ℓ + ℓ − from the LHC Run-1 (dashed), and the High-Luminosity LHC (dot-dashed). See Ref. [29] for more details. minimum:
where m 
with a small mixing angle Since the mixing angle is very small, the mass eigenstate φ 1 (φ 2 ) is almost the SM Higgs boson (the U(1) X Higgs boson).
Through the mixing angle, the inflaton decays into the SM particles. We evaluate the inflaton decay width as
where Γ h (m φ ) is the SM Higgs boson decay width if the SM Higgs boson mass were m φ . From
Eqs. (21) and (34), the inflaton mass and its decay width is a function of α X and m Z ′ (with m N = m Z ′ /3). For the successful non-minimal inflation, α X is determined as a function of ξ, x H and m Z ′ , and hence the inflaton mass and the decay width are controlled by the three parameters, ξ, x H and m Z ′ . With the inflaton decay width, we estimate reheating temperature by
where g * is the total effective degrees of freedom of thermal plasma.
In 
VII. CONCLUSIONS
The non-minimal quartic inflation is a simple and successful inflation scenario, and its inflationary predictions are consistent with the Planck 2015 results for the non-minimal gravitational coupling with ξ 0.003 for N 0 = 60. This inflation scenario would be more compelling if the inflaton plays essential roles for not only inflation but also particle physics phenomena. In many models beyond the SM where the gauge symmetry of the SM is extended, a new Higgs field to break the extended gauge symmetry is commonly introduced. It is an interesting possibility to identify such a Higgs field with the inflaton in the non-minimal quartic inflation.
In this paper, we have considered the classically conformal U(1) X extended SM, where the U(1) X gauge group is realized as a linear combination of the U(1) B−L and the SM U(1) Y gauge groups. This model has an interesting property that all the gauge symmetry breakings in the model originates from the Coleman-Weinberg mechanism: The U(1) X gauge symmetry is radiatively broken through the Coleman-Weinberg mechanism, and this breaking generates a negative mass squared for the SM Higgs doublet and hence, the electroweak symmetry breaking occurs subsequently. Associated with the U(1) X gauge symmetry breaking, the Z ′ boson and the right-handed neutrinos acquire their masses. We have set their masses in the range of O(10 GeV)−O(10 TeV), which is accessible at high energy collider experiments
We have investigated the non-minimal inflation scenario in the context of this classically conformal U(1) X model by identifying the U(1) X Higgs field with the inflaton. In this model, the U(1) X gauge symmetry is radiatively broken through the Coleman-Weinberg mechanism, due to which the inflaton quartic coupling is determined by the U(1) X gauge coupling. Since the inflationary predictions in the non-minimal quartic inflation are determined by the inflaton quartic coupling during inflation, we have a correlation between the inflationary predictions and the U(1) X gauge coupling. With this correlation, we have investigated complementarities between the inflationary predictions and the current constraint from the Z ′ boson resonance search at the LHC Run-2 as well as the prospect of the search for the Z ′ boson and the righthanded neutrinos at the future collider experiments. For completion of our inflation scenario, we have considered a reheating scenario due to the inflaton decay through the SM Higgs boson, and found the reheating temperature to be sufficiently high.
Here, we comment on the stability of the scalar potential during inflation. We have considered the inflation trajectory in the direction of φ with H = 0. For φ ≫ v φ , the scalar potential is approximated by Eq. (13) with replacing the quartic couplings at the tree-level by their RG running couplings. If λ mix > 0 during inflation, we can see a problem that the inflaton potential is destabilized in the SM Higgs direction. In Ref. [8] , the authors have shown the numerical result of RG evolution of λ mix from the 1 TeV scale to Planck scale, from which we can see that the λ mix quickly changes its sign around 1 TeV in the RG evolution. We can easily see this behavior from the RG equation for λ mix at 1-loop level, which is approximately given by [8] 
for |x H | ≫ 1. Since the beta function is negative and its absolute value is greater that initial value of λ mix at the TeV scale, we can see that λ mix quickly becomes negative in its running.
Although the beta function formula becomes very complicated (see [8] for complete formulas) for a small |x H | value, we obtain the same consequence.
In our analysis we have considered the number of e-folds to be a free parameter and have fixed N 0 = 60. However, the number of e-folds is determined by the reheating temperature T R , and the inflaton potential energy at the horizon exit (V E | k 0 ) as (see, for example, Ref. [33] 
Because of this relation, the number of e-folds is not a free parameter and is determined as a function of ξ, x H , and m Z ′ . Using this relation we can make our predictions more precise. However, in such an analyis the inflationary predictions, low energy observables, and the reheating temperature are related with each other in a very complicated way through the free parameters ξ, x H , and m Z ′ . To keep our discussion very clear we have treated N 0 as a free parameter. From Eq. (38), we can see that the true value of N 0 lies in between 50 and 60. As shown in Table. 
